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Abstract 
The carbonation of alkaline wastes for CO2 capture was mainly controlled by the CO2 dissolution, i.e., mass-transfer 
controlled reaction, from the theoretical considerations.  Several approaches to enhancing the CO2 dissolution rate 
were proposed and investigated in the literature.  For instance, it was proven that the rate of carbonation reaction for 
alkaline waste was effectively increase mass transfer rate if a rotating packed bed (RPB), so-called “high-gravity” or 
“HIGEE” process, was utilized.  In this study, the experimental data were utilized to develop the carbonation model 
in an RPB for carbonation of various types of alkaline wastes such as basic oxygen furnace slag (BOFS) and cold-
rolling mill wastewater (CRW).  The effect of different operating parameters including operation modulus and 
rotating speed on CO2 removal efficiency was evaluated.  In addition, the overall volumetric gas-phase mass transfer 
coefficients (KGa) of BOFS/CRW carbonation in the RPB were calculated.  Furthermore, according to the SEM 
observations, the alkaline wastes were found to be successfully carbonated with CO2 in an RPB, where calcite 
(CaCO3) was identified as the main product.  It was thus concluded that accelerated carbonation of alkaline wastes 
using an RPB is an effective and efficient method for CO2 capture due to its higher mass transfer rate and 
carbonation conversion. 
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1. Introduction 
Accelerated carbonation of natural minerals and/or industrial alkaline wastes is attractive because gaseous CO2 
can be fixed as a solid carbonate (e.g., CaCO3) which is a thermodynamically stable product.  It could also act 
positively in the immobilization of heavy metal, such as Pb, Zn, Cr, Cu, and Mo, leaching from the alkaline solid 
waste by sorption in the new formed products [1-3].  Accelerated carbonation can be accomplished either in-situ 
(underground in geologic formation) or ex-situ (above ground in a chemical processing plant).  Worldwide the iron 
and steel industry accounts for 6–7% of the total CO2 emissions [4].  Steelmaking slag is an inevitable solid waste of 
the steel manufacturing industry characterized by its strongly alkaline nature and significant levels of metal ions, 
especially calcium.  Steelmaking slags which are generated from various stages of steelmaking process are a 
consolidated mix of many compounds (primarily calcium, iron, silicon, aluminum, magnesium, and manganese 
oxides) presented in different phases [5].  Taiwan has a large steel industry, which the annual productions of the 
basic oxygen furnace (BOF) slag are 1.1–1.3 million tons in average in China Steel Corp. (Kaohsiung, Taiwan).  
Therefore, CO2 capture from the steel plant by carbonating the steelmaking slags could be attractive due to no 
mining and transportation is needed and the consumption of raw materials is avoidable. 
The carbonation of alkaline wastes for CO2 capture was mainly controlled by the CO2 dissolution, i.e., mass-
transfer controlled reaction, from the theoretical considerations [6, 7].  Therefore, in this investigation, a rotating 
packed bed (RPB) reactor was introduced to improve the mass transfer rate among phases due to its high centrifugal 
forces and great micro-mixing ability.  The RPB, so-called “high-gravity” or “HIGEE” process, is designed to 
generate high acceleration via centrifugal force which could enhance the mass transfer among phases, providing a 
mean acceleration of hundred times, even thousand times, greater than the force of gravity [8-10].  RPB can 
effectively lead to the formation of thin liquid films and micro- or nano-droplets.  Therefore, the overall volumetric 
mass transfer coefficients are an order of magnitude higher than those in conventional packed bed, leading to 
dramatic reductions in the equipment size compared to that required for equivalent mass-transfer in a gravity flow 
packed bed [8, 10, 11].   
Carbonate precipitation is usually a very fast process and the mixing, especially micro-mixing of the process, is 
very important on the particle size distribution.  In such case, the precipitation process would be controlled by the 
intrinsic reaction kinetics due to the excellent micro-mixing in an RPB [12].   According to the previous studies, the 
carbonation conversion of steelmaking slag in an RPB was found to be greater than that in an autoclave or slurry 
reactor [13-15].  The CO2 removal efficiency (i.e., the percentage of CO2 removal from the emission source) in the 
flue gas by BOFS/CRW in the RPB process was 96–99% with a retention time of less than 1 min under ambient 
temperature and pressure conditions [15].   
However, the mass transfer characteristic of the proposed RPB process for carbonation of BOFS has not 
evaluated in the literature.  Therefore, the objectives of this study are (i) to evaluate the effect of different operating 
modulus and rotation speeds on carbonation conversion of basic oxygen furnace slag (BOFS), (ii) to determine the 
overall volumetric gas-phase mass transfer coefficients (KGa) for BOFS carbonation in an RPB, and (iii) to develop a 
carbonation model in an RPB by combing reaction kinetics and mass transfer models. 
 
Nomenclature 
ae Effective surface area per unit volume of packed bed (m2/m3) 
aw Wetted surface area of packing (m2/m3) 
at Specific surface area of packing (m2/m3) 
CG,i CO2 content in inlet gas streams (%) 
CG,o CO2 content in outlet gas streams (%) 
Fr Froude number (-) 
Gr Grashof number (-) 
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h Height of the RPB (m) 
KGa Overall volumetric gas-phase mass transfer coefficients (1/s) 
k Reaction rate constant (1/s) 
ሶ ୋ Mass flow rate of gas phase (kg/s) 
Re Reynold number (-) 
ro Outside radius of packed bed (m) 
ri Inside radius of packed bed (m) 
t Reaction time (s) 
We Weber number (-) 
ɏୋ Density of gas phase (kg/m3) 
σL Surface tension of water (kg/s2) 
σc Surface tension of packing (kg/s2) 
 
2. Materials and Methods 
2.1. Materials 
The ground BOFS was supplied by China Steel Corporation (CSC, Kaohsiung, Taiwan).  The density and 
mean particle size of BOFS was 3.13 kg/cm2 and ~12.7 μm, respectively.   The BOFS was dried in the oven at 105 
°C overnight to eliminate moisture, and then stored at room temperature in small airtight containers.  According to 
the XRF analysis, the BOFS was rich in CaO (~43.0%), Fe2O3 (~28.7%) and SiO2 (~12.9%).  In addition, the 
contents of Ca(OH)2 and free-CaO were 7.7% and 1.0%, respectively. 
In addition, alkaline cold-rolling mill wastewater (CRW) was used as liquid agents to enhance the leaching 
behaviour of various metal ions from BOFS matrix into solution.  The measured pH value of fresh CRW was 
around 12.1.  The major cation and anion in CRW were found to be sodium (460 mg/L) and chloride (970 mg/L), 
respectively. 
2.2. Ex Situ Carbonation Experiments 
The ex-situ CO2 mineralization by carbonation of BOFS was carried out in a small-pilot scale RPB at Blast 
Furnace Plant in CSC (Kaohsiung, Taiwan).  The inner and outer diameter of rotating packed bed was 0.205 m and 
0.625 m, respectively.  The rotation speeds were set between 158 rpm and 541 rpm in this study, corresponding to 
6.5 to 76 times greater than gravity acceleration, respectively.  In addition, the gas loading was maintained at 1.51 
m3/(m2 min). 
2.3. Characterization 
The chemical compositions of the fresh BOFS were measured using XRF (PW2430, Phillips).  In addition, the 
CO2 capture capacity of BOFS was determined with a thermo-gravimetric (TG) analysis (TGA, PerkinElmer, 
STA6000), which determines the TG plot by measuring the sample weight loss at different temperatures.  It was 
noted that the weight loss between 500 and 850 °C was caused mainly by the decomposition of CaCO3. 
Morphological analysis of the solid samples was carried out with a scanning electronic microscope (SEM, 
Hitachi, TM3000).  The BOFS before and after carbonation were mounted on an aluminum stub using double-sided 
carbon tape.  For better conductivity and reduction of electron charge, the sample was coated with a thin layer of 
platinum.   
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3. Results and Discussion 
3.1. Performance Evaluation 
Fig. 1 shows the effect of circulation times and rotation speed on CO2 removal efficiency for carbonation of 
BOFS in an RPB.  The rotation speed varied from 150 to 550 rpm, offering a centrifugal acceleration variation from 
60 to 770 m/s2.  The results indicated the CO2 removal efficiency in flue gas was 93%, corresponding to a CO2 
removal rate of 0.264 kg per min, via accelerated carbonation of BOFS/CRW in an RPB.  After the fifth operation, 
the alkaline CRW was neutralized to a pH value of 6.67.  The CO2 capture capacity of BOFS was approximately 
160 kg per ton of BOFS.  In addition, the contents of Ca(OH)2 and free-CaO in BOFS were eliminated after the fifth 
operation, which would be advantageous to utilization as supplementary cementious materials in concrete. 
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Fig. 1. Effect of circulation times and rotation speed on (a) CO2 removal efficiency and (b) pH value for carbonation of BOFS in an RPB 
Figs. 2(a) and 2(b) present the SEM results of the fresh and carbonated BOFS, respectively.  Each fresh BOFS 
was found to possess a smooth surface before carbonation; while the “rhombohedral-like” or “cubic-like” structures 
of CaCO3 crystals with a size of around 1 μm were observed after carbonation.  It suggests that the slurry containing 
CRW and BOFS should be successfully carbonated by CO2 in an RPB according to the SEM observations. 
 
 
            
Fig. 2. SEM analysis of (a) fresh and (b) carbonated BOFS (carbonation conditions: rotation speed = 350 rpm, 25 oC) 
(a) (b) 
(b) (a) 
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3.2. Model Development 
Several assumptions are generally made in determining the mass-transfer coefficient in liquid-solid or gas-
liquid-solid particle systems [16, 17], including (i) the effect of an inclined gas-liquid interface is neglected; (ii) the 
concentration of the liquid at the particle surface is equal to the saturation concentration of the solution; (iii) the 
driving for interfacial mass transfer across the effective liquid film which surrounds a solid particle is the difference 
between the saturated solute concentration at the particle surface and the concentration in the bulk liquid, as shown 
in Eq (1); and (iv) solid distribution throughout the bed is uniform. 
݀ܯ ݀ݐΤ ൌ ݇ܣሺܥ െ ܥ௦௔௧ሻ   (1) 
The volumetric gas-liquid mass transfer coefficients in an RPB are an order of magnitude higher than those in 
conventional packed bed resulting in a volume of reactor much smaller than a conventional reactor [10, 11].  We 
know that the KGa in a packed bed from the two-film theory can be described by two-film theory as Eq (2): 
ଵ
௄ಸ௔೐
ൌ ଵ௞ಸ௔೐ ൅
ு
ூሺ௞ಽ௔೐ሻ
   (2) 
where H is the Henry’s law constant expressed as the ratio of the partial pressure in the gas phase to the mass 
concentration in the liquid phase.  On the other hand, Kelleher and Fair (1996) [10] extracted an overall volumetric 
mass transfer coefficient from the ATU definition for the gas side and combined with the results obtained in the 
literature [18]: 
ܭீܽ௘ ൌ
௠ሶ ಸ
ఘಸ௛గሺ௥೚మି௥೔మሻ
݈݊ሺ஼ಸǡ೔஼ಸǡ೚ሻ   (3) 
It was noted that KGa increases with the gas flow rate, the liquid flow rate, and mainly with the rotor speed 
[19].  It is usually difficult to obtain mass transfer coefficients separated from volumetric mass transfer coefficients 
kLae and kGae since the effective interfacial area between the liquid and vapour phase is usually not known [10].  
Tung and Muh (1985) [20] found that the ae/at predicted value by Perry and Chilton (1973) is “reliable” under high-
gravity RPB process, and was evaluated by correlation proposed by et al. for wetted surface area of a packing in a 
conventional packed column, as shown in Eq (4): 
௔ೢ
௔೟
ൌ ͳ െ ݁ݔ݌ሾെͳǤͶͷ ቀఙ೎ఙಽቁ
଴Ǥ଻ହ
ܴ݁௅଴Ǥଵܹ݁௅଴Ǥଶܨݎ௅ି଴Ǥ଴ହሿ  (4) 
3.3. Model Validation 
The KGa values were found to moderately increase with an increase of rotation speed (i.e., up to 300–500 rpm), 
indicating the mass transfer resistance was reduced by an increasing rotation speed within this range.  However, 
when the rotation speed further increased, a reduction in KGa was observed.  This might be attributed to the fact that 
the extent of reduction in mass-transfer resistances at higher rotation speed was compensated for by a reduction of 
the retention time, which was unfavorable to carbonation reaction.  It was found that the maximum KGa value was 
approximately 0.65 s-1 at a rotation speed of 350 rpm. 
A correlation for KGa in an RPB was developed according to the assumption that KGa depends on the following 
parameters: gas diffusivity, gas superficial velocity, gas density, gas viscosity, liquid superficial velocity, liquid 
density, liquid viscosity, centrifugal acceleration, total specific surface area of packings, and effective diameter of 
packings.  The following equation was obtained from the non-linear regression of experimental data: 
ܭீܽ௘ ן  ܴ݁ீିଵǤଵ଺ܩீݎ ଴Ǥଷଷܴ݁௅ଶǤଵଶ   (5) 
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It was found that the experimental KGa values lay within ±20% of the values estimated by Eq. (5).  The KGa 
values varied with the centrifugal acceleration to the 0.33 power.  Moreover, the dependence of liquid velocity was 
much higher than that of gas velocity, indicating that the carbonation of BOFS/CRW in an RPB could exhibit a mass 
transfer resistance lay on the liquid side. 
4. Conclusions 
In this study, a mass transfer model for carbonation of BOFS/CRW in an RPB was developed and validated by 
the experimental data.  The results indicate that the experimental results could be well-predicted by the developed 
model.  It was concluded that the developed RPB technique by introducing BOFS in cooperation with metalworking 
wastewater was successful for both CO2 capture and waste treatment (e.g., neutralization of alkaline wastewater and 
elimination of free-CaO content in steelmaking slag).   
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